The ordered monoclinic phase of the alkalimetal decahydro-closo-decaborate salt Rb 2 B 10 H 10 was found to be stable from about 250 K all the way up to an order− disorder phase transition temperature of ≈762 K. The broad temperature range for this phase allowed for a detailed quasielastic neutron scattering (QENS) and nuclear magnetic resonance (NMR) study of the protypical B 10 H 10 2− anion reorientational dynamics. The QENS and NMR combined results are consistent with an anion reorientational mechanism comprised of two types of rotational jumps expected from the anion geometry and lattice structure, namely, more rapid 90°j umps around the anion C 4 symmetry axis (e.g., with correlation frequencies of ≈2.6 × 10 10 s −1 at 530 K) combined with order of magnitude slower orthogonal 180°reorientational flips (e.g., ≈3.1 × 10 9 s −1 at 530 K) resulting in an exchange of the apical H (and apical B) positions. Each latter flip requires a concomitant 45°twist around the C 4 symmetry axis to preserve the ordered Rb 2 B 10 H 10 monoclinic structural symmetry. This result is consistent with previous NMR data for ordered monoclinic Na 2 B 10 H 10 , which also pointed to two types of anion reorientational motions. The QENS-derived reorientational activation energies are 197(2) and 288(3) meV for the C 4 fourfold jumps and apical exchanges, respectively, between 400 and 680 K. Below this temperature range, NMR (and QENS) both indicate a shift to significantly larger reorientational barriers, for example, 485(8) meV for the apical exchanges. Finally, subambient diffraction measurements identify a subtle change in the Rb 2 B 10 H 10 structure from monoclinic to triclinic symmetry as the temperature is decreased from around 250 to 210 K.
■ INTRODUCTION
Anions and cations typically bind together via coulombic forces to form translationally rigid crystalline solids. Moreover, if either or both happen to be polyatomic ions (e.g., SiH 3 − , BH 4 − , B 10 H 10 2− , B 12 H 12 2− , or NH 4 + ), then the otherwise rather translationally immobile ions are nonetheless still capable of significant orientational mobility. 1−7 This mobility can have profound effects on compound properties. For example, in the novel solid superionic conducting salts, Na 2 B 12 H 12 (ref 8 ) and Na 2 B 10 H 10 , 9 there are indications that the orientational mobilities of the polyhedral B 12 H 12 2− and B 10 H 10 2− anions can facilitate cation conductivity via an anion-rotation−cationtranslation cooperative effect, 10−12 especially after transitions to higher-entropy, disordered phases. 8, 9 In Na 2 B 10 H 10 , this transition occurs between around 360 and 380 K, 9, 13 at which point, the ordered monoclinic structure 14 with a fully occupied cation sublattice changes to a disordered face-centered cubic arrangement of roughly two orders of magnitude more orientationally mobile decahydrocloso-decaborate (B 10 H 10 2− ) anions (≫2−3 × 10 10 jumps s ) exhibiting exceptional superionic conductivity (e.g., 0.01 S cm −1 at 383 K). 4, 9 The two key complementary techniques used to characterize the details of these B 10 H 10 2− orientational mobilities in Na 2 B 10 H 10 were incoherent quasielastic neutron scattering (QENS) and nuclear magnetic resonance (NMR). NMR can probe various atomic jump rates over the dynamic range of ∼10 4 to 10 11 s
, whereas QENS is particularly sensitive to H jump rates over the dynamic range of ∼10 8 to 10 12 s −1 . Although NMR possesses a broader dynamical reach than QENS, the latter has the advantage of being able to provide direct insights concerning the mechanistic nature of the investigated motions.
Despite being able to probe the complex nature of the B 10 H 10 2− anion motions in the disordered superionic phase of Na 2 B 10 H 10 , 4 the relatively low order−disorder phase transition temperature for this compound (and thus the relatively low anion mobility, <10 8 reorientational jumps s −1 , outside of the QENS measurement window) precluded any practical QENS investigation of the anion reorientational mechanism in the ordered monoclinic phase. NMR results for this phase hinted at the presence of two distinct types of reorientational motions consistent with the ordered nature of the structure and the D 4d anion symmetry. 4 In the present paper, we address this shortcoming by diverting our investigation to a heavier alkalimetal congener of Na 2 B 10 H 10 , namely, Rb 2 B 10 H 10 , which we show maintains its ordered monoclinic structure from around 250 K to temperatures approaching 762 K. With this extended temperature range of stability for its ordered phase, much higher anion mobilities could be thermally induced, enabling us to investigate more fully with both QENS and NMR, the mechanistic and energetic details of B 10 H 10 2− anion reorientational motions within an ordered (monoclinic) alkali-metal decahydro-closo-decaborate structure, rather than within a disordered phase. Our results corroborate the existence of the two possible types of symmetry-allowed reorientational jumps: (i) 90°rotations around the anion C 4 symmetry axis and (ii) 180°orthogonal flips of this C 4 axis combined with an additional 45°C 4 rotation.
■ EXPERIMENTAL METHODS

11
B-enriched Rb 2 11 B 10 H 10 , free of the neutron-absorbing 10 B 10 H 10 first with a rotary evaporator at 323 K to form a solid hydrate followed by complete dehydration under vacuum at 473 K for 16 h. Rb 2 B 10 H 10 (with natural boron) was made in a similar fashion using B 10 H 14 (Sigma-Aldrich). X-ray powder diffraction (XRPD) measurements for each synthesized compound (using a Rigaku Ultima III X-ray diffractometer with a Cu Kα source) yielded the expected room-temperature monoclinic powder pattern. 16 Further variable-temperature synchrotron XRPD (SXRPD) measurements of Rb 2 11 B 10 H 10 , loaded into a quartz capillary, were performed between 100 and 450 K at the Advanced Photon Source on beamline 17-BM-B at Argonne National Laboratory [λ = 0.45220(1) Å]. Data were collected using a two-dimensional amorphous Si-plate detector with the twodimensional data converted to one-dimensional data using GSAS-II. 17 Rietveld structural refinements were performed using the GSAS package. 18 All neutron scattering measurements were performed at the National Institute of Standards and Technology Center for Neutron Research using 0.65 g of Rb 2 11 B 10 H 10 mounted in a thin-walled annular geometry (5 cm height × 1.2 cm annulus diameter) inside a helium-filled, o-ring-sealed, cylindrical Al sample cell. Depending on the maximum measurement temperature, the o-ring material was either In (below 400 K) or Pb (below 580 K). Above 580 K, no seal was used and the sample was measured in a vacuum. Neutron powder diffraction (NPD) measurements were performed between 7 and 300 K on the BT-1 High-Resolution Neutron Powder Diffractometer 19 with the Cu(311) monochromator at λ = 1.5397(2) Å and an in-pile collimation of 60 min of arc. Neutron vibrational spectroscopy (NVS) measurements were performed at 4 K on the Filter-Analyzer Neutron Spectrometer 20 using the Cu(220) monochromator with pre-and post-collimations of 20′ of arc, yielding a full width at half-maximum (fwhm) energy resolution of about 3% of the neutron energy transfer. QENS measurements were performed up to 680 K on three complementary instruments: the Disc Chopper Spectrometer (DCS) 21 between 100 and 680 K using incident neutron wavelengths (λ) of 4.08 Å (4.91 meV) and 10 Å (0.82 meV) with respective resolutions of 89 and 17 μeV fwhm and respective maximum attainable Q values of around 2.89 and 1.18 Å −1 ; the High Flux Backscattering Spectrometer (HFBS) 22 between 80 and 530 K [plus up to 580 K during an elastic-scattering fixed-window scan (FWS)] using an incident neutron wavelength of 6.27 Å (2.08 meV) with a resolution of 0.8 μeV fwhm and a maximum attainable Q value of 1.75 Å −1 ; and the NGA Neutron Spin-echo Spectrometer (NSE) 23 at 4, 365, and 380 K using an incident neutron wavelength of 5.0 Å (3.27 meV, Δλ/λ ≈ 0.17) for Fourier times up to 10 ns at a Q value of 1.55 Å −1 , where coherent scattering contributions were negligible. Instrumental resolution functions were determined from QENS spectra at lower temperatures free of quasielastic scattering, i.e., below 200 K for DCS data, 245 K for HFBS data, and 4 K for NSE data. QENS data were analyzed using the DAVE software package. 24 1 H NMR measurements were performed on the pulse spectrometer described elsewhere 25 at resonance frequencies of 14, 28, and 90 MHz. Nuclear spin−lattice relaxation rates were measured using the saturation−recovery method. NMR spectra were recorded by Fourier transforming the solid echo signals. DSC measurements with simultaneous thermogravimetric analysis (TGA) were made with a Netzsch (STA 449 F1 Jupiter) TGA−DSC under He flow with Al sample pans.
To aid the structural model refinements of the diffraction data, first-principles calculations were performed within the plane-wave implementation of the generalized gradient approximation to density functional theory (DFT) using a Vanderbilt-type ultrasoft potential with Perdew−Burke− Ernzerhof exchange. 26 A cutoff energy of 544 eV and a 2 × 2 × 4 k-point mesh (generated using the Monkhorst−Pack scheme) were used and found to be enough for the total energy to converge within 0.01 meV per atom. For comparison with the NVS measurements, simulated phonon densities of states (PDOSs) were generated from the DFT-optimized Rb 2 
B 10 H 10 structure using the supercell method (1 × 1 × 2 cell size) with finite displacements 27, 28 and were appropriately weighted to take into account the H, 11 B, and Rb total neutron scattering cross sections. In addition, simulated PDOSs of the "isolated" Figure S1 of the Supporting Information) indicates an endothermic feature with an onset temperature of around 762 K marking a transition from the known room-temperature ordered monoclinic phase 16 (shown in Figure 1 ) to an unknown (likely disordered) phase, possibly analogous to that observed for Rb 2 B 12 H 12 near 742 K. 30 By 790 K, the compound starts to decompose with a loss of mass. Cycling below the decomposition temperature indicates that the transition is reversible and slightly hysteretic (also shown in Figure S1 ). The stability of the monoclinic phase at subambient temperatures was further investigated by SXRPD measurements down to 100 K. Indeed, the partial diffraction patterns versus temperature in Figure 2 signal the reversible transformation to a different structure upon cooling past around 250 K. The transformation appears to be of second order and is completed by around 210 K. No obvious transition is observed by TGA−DSC over this broad transformation range, suggesting that the magnitude of any enthalpic change is extremely small. Rietveld analyses of the SXRPD patterns above (at 450 and 298 K) and below (at 100 K) this subambient transition indicate that the change from the known monoclinic P2 1 /n-symmetric structure 16 is rather subtle, involving a further lowering of the symmetry to P1̅ via a slight triclinic distortion, i.e., from respective α, β, and γ values of 90°, 94.130(2)°, and 90°at 298 K to 90.348(9)°, 94.801(8)°, and 90.40(1)°at 100 K. Figure S2 depicts the model refinements of the SXRPD data at 450, 298, and 100 K. Table S1 and Supporting Information CIF files summarize the structural analysis details. Additional NPD measurements shown in Figure S3 of the strongest diffraction peaks versus temperature using DCS and the BT-1 diffractometer corroborate that the monoclinic phase remains stable up to at least 680 K and down to around 250 K and the lowertemperature triclinic phase remains stable down to at least 7 K.
The 4 K neutron vibrational spectrum for Rb 2 11 B 10 H 10 is shown in Figure S4 compared with one + two-phonon DFTsimulated spectra after energy optimizations of both the triclinic and monoclinic structures as well as the isolated 11 B 10 H 10 2− anion, indicating reasonable agreement between experiment and theory and highlighting only very small differences expected in the PDOSs between the structurally similar triclinic and monoclinic phases. The DFT calculations suggest negligible energy differences between the 0 K energyoptimized triclinic and monoclinic structures within a computational accuracy of around ±20−30 meV/Rb 2 B 10 H 10 formula unit, which is in line with the absence of any obvious enthalpic feature accompanying this transition during the TGA−DSC measurements.
Proton NMR Measurements. The proton spin−lattice relaxation rates R 1 H measured at the resonance frequencies ω/ 2π = 14, 28, and 90 MHz for Rb 2 B 10 H 10 as functions of the inverse temperature are shown in Figure 3 . Comparison of these results with the R 1 H (T) data for a number of closopoly(carba)borates 4, 25, 31 suggests that the observed proton The Journal of Physical Chemistry C Article spin−lattice relaxation rate in Rb 2 B 10 H 10 is governed by the nuclear dipole−dipole interaction modulated by reorientational motion of the complex anions. The temperature dependence of R 1 H is expected to pass through a maximum at the temperature at which the jump rate τ −1 (T) of anion reorientations becomes nearly equal to ω. Thus, the position of the R 1 H (T) peak may be used to compare the jump rates in different materials: for compounds with faster motion, the R 1 H (T) peak should be observed at lower temperatures. In particular, at ω/2π = 14 MHz, the R 1 H (T) maximum in Rb 2 B 10 H 10 is observed at 367 K, whereas the corresponding maximum in Rb 2 B 12 H 12 occurs near 417 K. 25 Therefore, this indicates that the jump rates for the anion reorientations detected in Rb 2 B 10 H 10 are higher than those detected in its B 12 H 12 -based analogue. Yet we caution that the different compound structures and anion symmetries for Rb 2 B 10 H 10 and Rb 2 B 12 H 12 preclude any conclusion from the R 1 H (T) data alone, concerning the types of reorientations sensed in each case.
According to the standard theory of nuclear spin−lattice relaxation due to atomic motion, 32 in the limit of slow motion (ωτ ≫ 1), the relaxation rate R 1 H should be proportional to ω −2 τ −1 and in the limit of fast motion (ωτ ≪ 1), R 1 H should be proportional to τ, being frequency-independent. If the temperature dependence of the jump rate is governed by the Arrhenius law,
, with the activation energy E a and the Boltzmann constant k B , a plot of ln R 1 H versus T −1 is expected to be linear in the limits of both slow and fast motion with the slopes of −E a /k B and E a /k B , respectively. Although the general features of the data presented in Figure 3 are correctly described by the standard theory, 32 the observed frequency dependence of R 1 H at T < 300 K appears to be somewhat weaker than the predicted ω −2 dependence for the slow-motion limit. This may indicate the presence of a certain distribution of the H jump rates. 33 The simplest approach to taking the distribution effects into account is based on the standard model with a Gaussian distribution of activation energies. 34 The corresponding motional parameters include an average activation energy E a , a distribution width (dispersion) ΔE a , and a single value of the pre-exponential factor τ 0 . For Rb 2 B 10 H 10 , these model parameters have been varied to find the best fit to the experimental R 1 H (T) data at three resonance frequencies simultaneously. The results of this simultaneous fit to the data in the range 219−537 K are shown by black curves in Figure 3 . We have not observed any strong changes in the behavior of the proton spin−lattice relaxation rates below 250 K. This means that the subtle monoclinic-to-triclinic transition occurring between 250 and 210 K does not lead to any visible effects on the parameters of reorientational motion. The corresponding motional parameters are E a = 522(7) meV, ΔE a = 49(5) meV, and τ 0 = 7.6(6) × 10 −16 s. It should be noted that although the appearance of a certain jump rate distribution can be an indication of anions in slightly different environments due to such things as defects or impurities, it is more likely reflecting the presence of an additional jump process not resolved in the spin−lattice relaxation measurements. Indeed, if the difference between two frequency scales of H jump motion is relatively small (about one order of magnitude), an additional jump process may contribute only to the lowtemperature slope of the single-peak R 1 H (T) dependence, not leading to any additional peak. Similar behavior of R 1 H (T) was reported for a number of Laves-phase hydrides showing two frequency scales of H jump motion. 35 Although for Rb 2 B 10 H 10 , we cannot exclude other sources of a jump rate distribution; the presence of an additional jump process should be the main factor determining the observed deviations from the standard behavior of the proton spin−lattice relaxation rate (see QENS results below).
Apart from fitting the temperature dependences of R 1 H , the H jump rates τ −1 can also be determined from the positions of the R 1 H (T) maxima at different resonance frequencies. This can be considered as a "model-independent" approach to estimates of the jump rates. Note that a presence of a Gaussian distribution of activation energies does not change the conditions of the R 1 H (T) maxima. 33 In this case, the values of τ −1 should be considered as the most probable ones. The inset in Figure 3 shows the Arrhenius plot of the H jump rates derived from the positions of the R 1 H (T) maxima at the three resonance frequencies. The activation energy obtained from this plot is 485(8) meV, which is rather close to the value of E a derived above from the model fits. Figure 4 shows the temperature dependence of the 1 H NMR line width Δ H (fwhm). The observed behavior of Δ H (T) for Rb 2 B 10 H 10 is typical of compounds exhibiting thermally activated reorientational motion. 36 At low temperatures (T < 200 K), the line width is determined by the static dipole− dipole interactions between nuclear spins. The "rigid-lattice" second moment of the 1 H NMR line calculated on the basis of the Rb 2 B 10 H 10 triclinic structure is 2.03 × 10 10 s −2
. Assuming that the line shape is Gaussian, this value of the second moment corresponds to Δ H = 53.6 kHz, which is close to the experimental value of the line width (∼46 kHz). It should be noted that the calculated "rigid-lattice" second moment is dominated by the "intramolecular" based on the line-narrowing data gives ∼10 5 s −1 at 235 K. The shape of the observed Δ H (T) "step" is close to that expected for the thermally activated motional narrowing; we have not found any abrupt Δ H changes due to the monoclinic-totriclinic transition. For comparison, for Rb 2 B 12 H 12 , a similar Δ H (T) "step" is observed at higher temperatures (about 270 K). 25 This corresponds to the slower reorientational motion in Rb 2 B 12 H 12 , in agreement with the spin−lattice relaxation data (see above). At T > 350 K, the line width nearly stops to decrease, reaching a new plateau. This feature originates from the fact that a localized H motion (such as reorientational motion) leads to only partial averaging of the dipole−dipole interactions. 36 In principle, the high-T plateau value of Δ H should depend on the mechanism of reorientations. However, for such complex anions as B 10 H 10 2− , estimates based on the second moment calculations can be considered only as rough guides for a selection of the reorientational models. As in the case of the ordered phase of Na 2 B 10 H 10 , 4 the only physically reasonable reorientational models for ordered monoclinic Rb 2 B 10 H 10 are related to 90°reorientations around the anion C 4 symmetry axis and 180°flips (of the C 4 axis) concomitant with additional 45°twists (see Figure 5 ).
Using the expressions derived by Dereppe, 37 we have found that the rotation of the B 10 H 10 2− anion around the C 4 axis should lead to a 72% decrease in the "intramolecular" H−B contribution to the second moment with respect to its "rigidlattice" value. Assuming that the line shape is Gaussian, this corresponds to a 53% drop of the line width. The observed drop of Δ H for Rb 2 B 10 H 10 in Figure 4 is considerably stronger; this suggests a presence of an additional type of reorientation. The estimated combined effect of the rotations around the C 4 axis and the 180°flips corresponds to an 88% decrease in the "intramolecular" H−B contribution to the second moment with respect to its "rigid-lattice" value. Such a drop of the second moment corresponds to a 65% drop of Δ H , which is close to the observed (∼75%) drop of Δ H . These estimates show that the behavior of the 1 H NMR line width in Rb 2 B 10 H 10 is consistent with a complex mechanism of anion reorientations likely involving both rotations around the C 4 symmetry axis and 180°flips as expected. To gain an even more detailed understanding about the nature of the anion reorientational mechanisms, we performed a series of complementary QENS measurements on Rb 2 11 B 10 H 10 . Quasielastic Neutron Scattering. Figure 6 shows the neutron elastic-scattering FWS 38 for Rb 2 11 B 10 H 10 measured on HFBS at Q = 0.87 Å −1 between 80 and 580 K. Upon heating, the accelerated fall-off in intensity beyond normal attenuation from the Debye−Waller factor begins by about 300 K and signals that anion reorientational jump rates are coming into the HFBS resolution window and beginning to exceed 10 7 s −1 (and reaching 10 8 s -1 by around 350 K), consistent with the NMR results. By the maximum temperature attained of 580 K (limited by the 600.6 K melting point of the Pb sample cell oring seal), the fall-off in intensity begins to slow again, signaling that anion reorientational jump rates are now of the order of 10 10 s −1 and moving out of the HFBS dynamic range window. This large range in anion mobilities was subsequently mapped out by complementary measurements on the DCS, HFBS, and NSE instruments. Figure 7 displays two exemplary QENS spectra for Rb 2 
B 10 H 10 measured at widely different resolutions (at 525 K, Q = 0.6 Å −1 , 89 μeV resolution, DCS; and at 510 K, Q = 0.68 Å −1 , 0.8 μeV resolution, HFBS). In addition to an elastic peak component, the combination of DCS and HFBS spectra indicates the presence of two quasielastic broadenings on order of magnitude different width scales: a much broader quasielastic component approximated by a single Lorentzian (L a ) [actually comprised of two single mechanism-related Lorentzians (L a1 + L a2 )] in the low-resolution DCS spectrum in Figure 7a and a much narrower single Lorentzian (L b ) clearly evident in the high-resolution HFBS spectrum (above an extremely broad L a baseline component) in Figure 7b .
An additional exemplary QENS measurement in Figure 8 (at intermediate resolution) is able to distinguish the presence of all different Lorentzian components (L a1 , L a2 , and L b ) in a single spectrum. In addition to these quasielastic features, the presence of a much broader (>5 meV fwhm Lorentzian equivalent) ubiquitous background component, which be- The Journal of Physical Chemistry C Article comes much more noticeable and intense at higher Q values, (see Figure S5 ) is reasonably assumed to represent inelastic scattering from overdamped localized oscillatory motions of the anions, 39 a phenomenon routinely observed for other comparable compounds. 4, 12 The fit of the overdamped component intensity versus Q data at 580 K in Figure S6 estimates an oscillatory displacement distance of 0.52(3) Å, again in agreement with other comparable compounds. 4, 12 As mentioned in the previous section, there are only two physically reasonable reorientational models (see Figure 5 ) consistent with one crystallographically unique B 10 H 10 2− anion in a fully ordered structure such as shown in Figure 1 . The first model (designated as C 4 ) is a single type of reorientational motion involving 90°(fourfold) jumps around the anion C 4 symmetry axis that connects the two apical H atoms. In this case, the H atoms in each of two bands of four equatorial H atoms visit all four positions in their individual band, whereas the two apical H atoms remain immobile, contributing solely to the elastic peak intensity. The second model (designated as C 4 + flip) is an extension of the first model. Here, besides 90°( fourfold) jumps around the anion C 4 symmetry axis, a second reorientational motion is possible, involving 180°rotational flips of the anion so as to exchange positions of the two apical H atoms. Because of the particular D 4d molecular symmetry of the anion and the ordered nature of the monoclinic structure, a concomitant 45°"twist" around the C 4 symmetry axis is also required to map the original anion image exactly onto itself. Hence, the trajectory required to attain this reorientational flip may not follow a straightforward rotational motion but rather a more complicated lowest energy barrier pathway. The combination of these two different reorientational motions enables each of the eight equatorial H atoms of the anion to visit all of the other equatorial H crystallographic positions in both bands, whereas the two apical H atoms are restricted to only exchanging apical positions. We focus on these two models during analyses of the QENS data.
The two different QENS components indicated to us that we were indeed observing the two possible types of B 10 H 10 2− reorientational motions within our neutron resolution window, i.e., C 4 reorientations and flips, with roughly order of magnitude different mobilities. We note that instances of such reorientational behavior involving markedly different mobilities around different anion axes are not uncommon, e.g., highly anisotropic BH 4 − anion reorientational mobilities are clearly evident in hexagonal solid solutions of LiBH 4 + LiI by both NMR and QENS. 40, 41 Based on the ellipsoidal shape of the B 10 H 10 2− anion, it seemed more likely that the broader Lorentzian component (L a ) reflected more rapid 90°fourfold jumps around the C 4 axis, whereas the narrower component (L b ) reflected much slower 180°orthogonal flips.
Our initial model-independent fits of the broader Lorentzian component from the DCS data indicated an increasing linewidth with increasing Q, roughly doubling by Q = 2.5 Å −1 with respect to its lowest value, which prevailed below Q = 0.6 Å −1 . This behavior is consistent with a fourfold jump mechanism, which requires two Lorentzian components L a1 and L a2 whose fwhm linewidths differ by a factor of two (Γ a2 = 2Γ a1 ) and whose intensities are Q-dependent. 42 The ratio of the L a1 and L a2 integrated intensities I a1 and I a2 for such a mechanism is expected to be 
where j 0 (x) = sin(x)/x, the zeroth-order spherical Bessel function, and d e ≈ 3.43 Å, the nearest-neighbor H−H atom distance within each equatorial band (see Figure 5) . Analyzing the 4.08 Å wavelength DCS data at various temperatures, we successfully fit the broader Lorentzian component as the summation of two Lorentzians, L a1 and L a2 , with a fixed ratio of fwhm linewidths Γ a2 = 2Γ a1 and relative intensities dictated by eq 1 over the entire Q-range measured. At this relatively poor resolution, the much narrower L b component is largely hidden within the envelope of elastic peak intensity and the reorientational jumps associated with this particular component are effectively frozen To better illustrate our mechanistic interpretations of the QENS data, we evaluated the Q-dependent behavior of the elastic incoherent structure factor (EISF), which is defined as the ratio of elastic to elastic + quasielastic scattering intensities. The Q-dependence of the EISF is sensitive to the fundamental details of the reorientational mechanism. The EISFs corresponding to the two possible reorientation models, C 4 and C 4 + flip, were derived elsewhere 4 and are listed below. N.B., all pertinent distances are depicted in Figure 5 . For fourfold jumps around the anion C 4 symmetry axis, the EISF is 
For fourfold jumps around the C 4 axis + 180°flips orthogonal to the C 4 axis (with a concomitant 45°C 4 twist), the EISF is defined as 
where d a ≈ 6.10 Å, the interapical H−H distance, and d j and
and
In these equations, d b ≈ 2.31 Å, the perpendicular distance between the two equatorial bands defined by the two quartets of equatorial H atoms.
The observed EISF behavior is seen to be potentially consistent with both models depending on the particular instrumental resolution employed. For example, again under lower-resolution conditions at 580 K using DCS (4.08 Å neutrons, 89 μeV fwhm resolution), the narrower Lorentzian component L b is largely buried under the elastic peak. The resulting EISF (with the "invisible" narrower Lorentzian hidden within the envelope of elastic scattering intensity) should therefore only be reflective of the fourfold jumps around the C 4 axis, leading to an EISF more consistent with the C 4 reorientation model. Indeed, Figure 9 shows good agreement between the Q-dependence of the experimentally derived EISF values from the 4.08 Å wavelength DCS data at 580 K and that of the EISF curve for C 4 reorientations generated from eq 2.
This situation changes when the EISF is generated by analyzing the higher-resolution 10 Å DCS data at 600 K with the inclusion of the additional narrow Lorentzian component L b , assumed to be reflecting slower orthogonal flips. These slower flips are now sensed within the neutron resolution window leading to decreased EISF values in Figure 9 as some fraction of the elastic scattering intensity originally observed using 4.08 Å DCS data is now distinguishable as L b quasielastic scattering intensity, as exemplified earlier in Figure 8 . The resulting EISF is now more consistent with the C 4 + flip model curve generated from eq 3. Figure 9 also shows that the calculated EISF values for the 10 Å DCS data revert back to the C 4 model if the L b quasielastic component is artificially included as part of the total elastic scattering intensity. Finally, the EISF values in Figure 9 determined from the highresolution HFBS data at 532 K, while including both broad and narrow quasielastic scattering components, further corroborate the C 4 + flip model out to a larger Q value of 1.7 Å −1 (well past the 10 Å DCS maximum Q limit), where the model values are expected to plateau.
We further employed much higher-resolution NSE measurements at 380 and 365 K to extend the lower-temperature range accessible to dynamical evaluation and expand the overlap region between the QENS and NMR measurements. As expected, the NSE data at both of these temperatures suggested the presence of more than one jump frequency. For consistency with the DCS and HFBS data analyses, the NSE data were fit (see Figure S6 and accompanying fitting parameters) assuming two broader linewidth-correlated components associated with the proposed C 4 mechanism plus a third independent lower-frequency component due to the 180°flips. Figure 10 shows plots, in an Arrhenius fashion, of the temperature dependences of the fundamental jump correlation frequencies [τ i1
, where i denotes a or b components and ℏ is the reduced Planck's constant] for the two different reorientational motions as determined from the three different QENS instruments. Moreover, Figure 10 includes data points from Figure 3 as determined from the NMR measurements.
Some interesting observations can be made about the jump frequency data. First, the jump frequencies for both types of reorientations differ by roughly an order of magnitude between 400 and 680 K and follow linear Arrhenius dependences. The activation energies for reorientation, E a , were derived from the slopes (−E a /k B ) of the linear fits to the ln(τ i1 −1 ) versus T
−1
QENS data for T ≥ 400 K: 197(2) meV for the presumed faster 90°fourfold reorientations and 288(3) meV for the slower 180°flips. Below 400 K, the data from both QENS and Figure 9 . EISF data vs Q for Rb 2
11
B 10 H 10 at various temperatures and instrumental conditions. The circles represent EISF values determined assuming only quasielastic scattering from L a contributions; the triangles represent those determined assuming quasielastic scattering from both L a and L b contributions. EISF model curves for the only two reasonable anion reorientational mechanisms are: (a) fourfold jumps around the anion C 4 symmetry axis and (b) fourfold jumps around the C 4 axis + 180°flips orthogonal to the C 4 axis (which also requires a concomitant 45°"twist" around the C 4 symmetry axis to maintain crystallographic order).
The Journal of Physical Chemistry C Article NMR suggest that the slopes steepen (i.e., activation energies increase), although there is no evidence of a phase transition in this region. We speculate that the higher apparent barrier in this region stems from enhanced steric effects due to the everdecreasing unit cell size of the monoclinic structure with decreasing temperature.
From Figure 10 , it would appear that the NMR data are chiefly tuned into the slower dynamic (180°anion flips) between 367 and 418 K, whereas the QENS data can distinguish both dynamics. The QENS data for 180°flips nicely overlap the NMR data in this region, largely confirming the steeper 485 meV barrier determined by NMR at these lower temperatures. As the temperature further decreases, one would expect that NMR would eventually tune into the faster C 4 dynamic, but there is no obvious indication from the 1 H NMR line narrowing that this is occurring before the jump frequency slows down to roughly 10 5 jumps s −1 by 235 K, as estimated from Figure 4 . This seems unusual but is not inconsistent with the NSE QENS results for the derived C 4 jump frequencies at 380 and 365 K, which already have dropped much more than expected from an extrapolation of the higher-temperature linear fit of the DCS + HFBS data in Figure 10 . The FWS results in Figure 6 also suggest an upper bound for the faster reorientational dynamic of only ≈10 8 jumps s −1 at around 350 K (the rough low-temperature limit for HFBS dynamical sensitivity), which is consistent with the NSE results and an order of magnitude smaller than expected from extrapolation to this temperature of the higher-temperature linear fit in Figure 10 . Hence, it is probable that the jump frequencies for the two types of reorientational motions are becoming more similar as the temperature approaches 235 K, making it difficult for NMR to distinguish a separate C 4 dynamic in this region.
The activation energy associated with the anion fourfold jumps around the C 4 axis in Rb 2 B 10 H 10 can be compared with similar compounds. Although there are no reported activation energies for other ordered M 2 B 10 H 10 congeners (M = Li, Na, K, Cs), there are for the related Li-1-CB 9 H 10 and Na-1-CB 9 H 10 compounds, 4 which possess bicapped square antiprismatic 1-CB 9 H 10 − anions, identical in shape to B 10 H 10 2− anions. The main difference between 1-CB 9 H 10 − and B 10 H 10 2− anions is the substitution of C for B for the former at one of the apical positions. This changes the molecular symmetry from D 4d to C 4v and the charge from −2 to −1. In an ordered crystallographic phase, each 1-CB 9 H 10 − anion possesses one energetically preferred orientation within the ordered lattice due to the polarizing nature of the C substituent with respect to the surrounding cations. As such, its symmetry precludes it from performing 180°orthogonal flips of the C 4 axis and it can only undergo fourfold reorientations around its C 4 axis. We previously reported activation energies of 302 and 234 meV, respectively, for ordered Li-1-CB 9 H 10 and Na-1-CB 9 H 10 compounds from analyses of NMR data, 4 which are larger than the 197 meV for Rb 2 B 10 H 10 and follow the expected trend of decreasing barriers as the size of the cation and unit cell volume increase. This is not a perfect comparison because there are twice as many cations per anion for M 2 B 10 H 10 than for M-1-CB 9 H 10 compounds, but it is reasonable to assume that more numerous cation neighbors for the former compounds would effectively provide more resistance to reorientation and translate into higher barriers than for the latter compounds when comparing compounds with the same cations. Comparative QENS/NMR studies of an ordered Rb-1-CB 9 H 10 phase would be desirable to address this issue directly.
It would also be interesting to extend comparative QENS studies to include ordered Rb 2 anions compared to the ellipsoidal-shaped, smaller-diameter B 10 H 10 2− anions based on the relative moments of inertia and steric arguments. In short, for a more enlightening comparison, additional QENS measurements would be needed to confirm the nature of the anion reorientations in Rb 2 B 12 H 12 .
■ CONCLUSIONS
The dynamical behavior of the B 10 H 10 2− anion in the ordered monoclinic phase of Rb 2 B 10 H 10 was characterized by QENS and NMR over a broad temperature range of stability from subambient temperatures to 680 K, confirming the two types of expected reorientational motions that are possible due to the D 4d molecular symmetry of the anion, i.e., faster fourfold 90°F The Journal of Physical Chemistry C Article reorientational jumps around the anion C 4 symmetry axis and order of magnitude slower 180°orthogonal flips of this axis. It is noteworthy that this reorientational behavior is somewhat similar to that previously observed for the much more highly mobile anions in superionic, disordered M 2 B 10 H 10 and MCB 9 H 10 (M = Li, Na) compounds. 4 Despite no obvious crystallographic restrictions (based on powder diffraction) on the allowable anion orientations in these disordered compound phases, QENS measurements nonetheless indicated that the individual anions still seemed to favor predominantly uniaxial reorientations around the C 4 symmetry axis at lower temperatures. Yet these reorientations were not necessarily restricted to 90°jumps as for ordered Rb 2 B 10 H 10 but were rather free to undergo a variety of smaller-angle jumps more akin to uniaxial rotational diffusion. At the higher temperatures, the EISF transformed to reflect a mechanism more consistent with the additional emergence of the familiar 180°fl ips of the C 4 axis. Yet unlike for ordered Rb 2 B 10 H 10 , it was not possible to isolate distinct disparate quasielastic components marking the relative reorientational jump rates associated with the C 4 uniaxial reorientations and the 180°flips in these disordered compound phases. 
